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Termination of Mammalian rDNA Replication:
Polar Arrest of Replication Fork Movement
by Transcription Termination Factor TTF-I
Josef-Karl Gerber,* Eric GoÈ gel,* Christian Berger,* 1995). With a few exceptions, most prokaryotic chro-
mosomes terminate their replication at specific sitesMichael Wallisch,* Friedemann MuÈ ller,³
Ingrid Grummt,² and Friedrich Grummt*§ (Kuempel et al., 1977; Lewis et al., 1990; Carrigan et al.,
1991). Sequence-specific arrest of replication forks has*Institute of Biochemistry
University of WuÈ rzburg also been observed in eukaryotes at ribosomal DNA loci
where the high density of polymerases and the greatWuÈ rzburg D-97074
²German Cancer Research Center length of the transcription unit make rDNA an extreme
challenge for polymerase traffic. Site-specific stalling ofDivision of Molecular Biology
of the Cell II the replicative machinery has been observed in yeast
Heidelberg D-69120 (Brewer and Fangman, 1988; Linskens and Huberman,
³ Institute of Molecular Biotechnology 1988; Brewer et al., 1992; Lucchini and Sogo, 1994),
Division of Biochemistry plants (Hernandez et al., 1993), frogs (Wiesendanger et
Jena D-07745 al., 1994) and humans (Little et al., 1993). These replica-
Germany tion fork barriers (RFB) prevent bidirectional fork move-
ment, thus limiting replication fork progression to the
same direction as rDNA transcription. The barrier works
Summary in a polar manner in that itprevents replication forks from
entering the pre-rRNA coding region in the opposite
A replication fork barrier (RFB) at the 39 end of eukary- direction as transcription, resulting in most of the rDNA
otic ribosomal RNA genes blocks bidirectional fork being replicated unidirectionally.
progression and limits DNA replication to the same Using 2-D gel techniques, the RFB within the ribo-
direction as transcription. We have reproduced the somal gene locus has been shown to map to a defined
RFB in vitro in HeLa cell extracts using 39 terminal site close to the site of transcription termination (Brewer
murine rDNA fused to an SV40 origin-based vector. and Fangman, 1988; Hernandez et al., 1993; Little et
The RFB is polar and modularly organized, requiring al., 1993; Wiesendanger et al., 1994). Termination of
both the Sal box transcription terminator and specific ribosomal gene transcription has been intensively stud-
flanking sequences. Mutations within the terminator ied in mouse (Grummt et al., 1985, 1986; Smid et al.,
element, depletion of the RNA polymerase I±specific 1992; Evers and Grummt, 1995; Sander et al., 1996), rat
transcription termination factor TTF-I, or deletion of (Kermekchiev and Grummt, 1987), human (Bartsch et
the termination domain of TTF-I abolishesRFB activity. al., 1987, 1988; Pfleiderer et al., 1990; Evers et al., 1995),
Thus, the same factor that blocks elongating RNA frog (Labhart and Reeder, 1987), and yeast (Lang and
polymerase I prevents head-on collision between the Reeder, 1993). These studies have revealed that, even
DNA replication apparatus and the transcription ma- though there is marked sequence divergence between
chinery. terminator elements from the different organisms, the
mechanism of RNA polymerase I transcription termina-
tion is probably similar or even identical in these diverseIntroduction
species. All characterized RNA polymerase I terminators
function in only one orientation and are recognized bySeveral studies indicate that transcription and replica-
a sequence-specific DNA-binding protein that functionstion may be antagonistic. In E. coli, the majority of strong
as transcription termination factor (reviewed by Reederpromoters are oriented such that transcription com-
and Lang, 1994). In mouse, the terminator is an 18 bpplexes move away from the replication origin (Brewer,
sequence motif, pragmatically called Sal box, that is1988). A similar nonrandom gene organization is found
repeated ten times (T1±T10) downstream of the 39 endin other bacteria, plasmids, and bacteriophages (Hill,
of thepre-rRNA coding region. The Sal box is recognized1992; Bastia and Mohanty, 1996). Replication forks can
by the transcription termination factor TTF-I, which me-move in the same direction as RNA polymerases without
diates the stop of the elongation reaction of RNA poly-displacing the elongating enzyme or the nascent tran-
merase I (Grummt et al., 1985). Alterations in the Salscript (Liu et al., 1993) indicating that the fork passes
box that reduce TTF-I binding also impair transcriptionthe ternary transcription complex, and the bypassed
termination in vivo and in vitro (Grummt et al., 1986;RNA polymerase can resume faithful RNA synthesis.
Kuhn et al., 1990). Cloning of the cDNAs for murineHowever, there is an inherent disadvantage in having
and human TTF-I and deletion analysis of the cDNA forreplication and transcription directions oriented head to
murine TTF-I has revealed distinct regions of the proteinhead. When the DNA replication apparatus of bacterio-
that may represent different functional domains (Eversphage T4 collides with E. coli RNA polymerase, the repli-
and Grummt, 1995; Evers et al., 1995). The DNA bindingcation fork has been shown to pass the ternary tran-
domain in the C-terminal half of the protein is highlyscription complex. In this case, the bypassed RNA
conserved between mouse and human TTF-I (Evers andpolymerase switches to the newly synthesized daughter
Grummt, 1995). Interestingly, this part of TTF-I showsstrand to resume RNA chain elongation (Liu and Alberts,
striking homology to the DNA binding domain of both
the proto-oncoprotein c-Myb (Kanei-Ishii et al., 1990)§To whom correspondence should be addressed.
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and the yeast transcription factor Reb1p (Morrow et al., (Brewer and Fangman, 1988; Hernandez et al., 1993;
Little et al., 1993; Wiesendanger et al., 1994). This region1993). Reb1p is the yeast homolog of TTF-I, binds to
the yeast RNA polymerase I terminator element, and of the mouse rDNA locus contains a cluster of repeated
Sal box terminator elements that are binding sites formediates transcription termination (Lang and Reeder,
1993). the termination factor TTF-I and mediate termination of
transcription by RNA polymerase I (Grummt et al., 1985,The intriguing correlation between the position of the
RFB and the region of transcription termination in yeast, 1986; Bartsch et al., 1988; Pfleiderer et al., 1990).
To determine whether replication pauses in the regionfrog, and mammals, suggests that both processes may
be interrelated. In this study, we have investigated of transcription termination, DNA from NIH3T3 cells was
digested with EcoRI and restriction fragments con-whether TTF-I, besides its well-established role in RNA
polymerase I transcription termination, also serves a taining replication forks were enriched by BND-cellulose
and analyzed by the 2-D gel electrophoresis repliconfunction in termination of DNA replication. We have used
an SV40-based cell-free replication system and ana- mapping method of Brewer and Fangman (1987). The
blotted DNA was hybridized to a BamHI-EcoRV frag-lyzed replication intermediates from templates con-
taining different regions from the 39 terminal intergenic ment from 1334 to 1856 of the 39 terminus of the murine
rDNA transcription unit. As shown in Figure 1A, there isspacer of mouse rDNA. The results demonstrate that (i)
spacer sequences encompassing Sal box 2 and flanking an arc of replication intermediates of 4.2±8.4 kb indica-
tive of restriction fragments that are replicated by forksregions constitute a polar barrier to replication fork
movement, (ii) binding of TTF-I to Sal box 2 is a prerequi- proceeding from one end of the 4.2 kb EcoRI fragment
to the other as simple Y-shaped molecules. A secondsite for replication fork arrest, and (iii) RFB activity is
not dependent on transcription. class of nonlinear molecules was found rising as a spike
ahead of the inflection point of the arc that represents
molecules that are approximately 75% replicated, dem-Results
onstrating that replication forks are stalled at defined
position within the 4.2 kb EcoRI fragment in vivo.The 39 Terminal Spacer Region of Mouse
To narrow down the position at which replication forksrDNA Contains a Polar RFB
stall and to determine the direction in which replicationPrevious studies have identified an RFB in the rDNA of
forks were moving before their arrest, the presumptivevarious organisms that maps at the junction of the 39
RFB was analyzed by digestion with PvuII and EcoRV,end of the transcription unit and the intergenic spacer
which generates a 2.5 kb 39 terminal fragment. If the
forks are stalled at a fixed position, the position of the
hybridization signalsof terminated intermediates should
vary along the simple Y arc. Indeed, a conspicuous spot
of hybridization signals on the descending side of the
the simple Y arc was observed, indicating stalled inter-
mediates with much shorter replicated arms (Figure 1B,
arrowhead). Measurements of the stalled molecules
from the distance migrated in the first dimension gel,
and from their positions on the ascending or descending
arm of the simple Y arc, reveal that there is a polar RFB
approximately 0.4±0.8 kb downstream of the 39 end of
28S coding region, i.e. close to or overlapping the sites
of transcription termination. The replication fork arrives
at that position after having replicated through the
NTSÐa direction that would place the replication com-
plex in a head-on collision with transcribing RNA poly-
merases.
The RFB Activity Can Be Reproduced In Vitro
To investigate whether the spatial overlap of the sites
Figure 1. Mapping the RFB to the 39 End of the 45S-NTS Boundary of transcription termination and replication fork impedi-
In Vivo ment reflects a functional overlap of both processes, we
The restriction map at the top contains part of the murine rDNA used a cell-free replication system to mimick replication
repeat. The end points of the 28S rRNA, the 45S pre-rRNA, and the fork arrest in vitro. In the system used, circular templates
RFB are indicated relative to the 39 end of the 28S rRNA (in kilo-
containing the SV40 origin of replication are replicatedbases). The two restriction fragments used to map the position of
in the presence of T antigen and HeLa cell extract (LiRFB are illustrated below the map. The cartoon of each fragment
indicates the restriction end points and the position of stalled forks and Kelly, 1984; Stillman and Gluzman, 1985; Wobbe et
deduced from 2-D gels (A and B). The two 2-D gels (A and B) contain al., 1985). Different fragments from the 39 terminal spacer
total mouse DNA digested with the combinations of restriction en- region of mouse rDNA were inserted into pSV01DEP 413
zymes required to generate the two fragments A and B, respectively. bp clockwise downstream of the SV40 replication origin
The RFB fragments were detected by using a probe from the BamHI
(Figure 2A). After incubation with extract proteins, T anti-to EcoRV interval overlapping fragments A and B. The arc of linear
gen, and radiolabeled nucleotides, the DNA was puri-molecules is highlighted with a dotted line. Fragments containing
stalled forks are indicated by arrowheads. fied, digested with NcoI, and replication intermediates
TTF-I Stops Replication Fork Movement
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Figure 2. A 39 Terminal rDNA Spacer Frag-
ment Containing Sal Box 2 Mediates Polar
Replication Fork Arrest
(A) Scheme illustrating the murine rDNA re-
peat units and the DNA constructs used in
replication assays. The black boxes down-
stream of the pre-rRNA coding region (open
and hatched bars) mark the repeated Sal box
elements (T1-T10) in the 39 terminal rDNA
spacer; the ellipse indicates the origin of bidi-
rectional replication (OBR). The templates
contain different rDNA spacer fragments in-
serted downstream of theSV40 originof repli-
cation in vector pSV01DEP. The individual Sal
boxes are numbered.
(B) Analysis of in vitro replication products by
gel electrophoresis. The templates used are
indicated. The length of terminated replica-
tion intermediates is 1207 nt (pSV.SB1±10),
782 nt (pSV.SB1±5), and 666 nt (pSV.SB2),
respectively.
(C) DNA replication is arrested downstream
of Sal box 2. Replication products of pSV.SB2
were digested with AspI and analyzed on a
denaturing gel (lane 1) next to sequencing
reactions (lanes 2±5). The arrow marks the
position of terminated DNA chains.
(D) Replication fork arrest is orientation-
dependent. Replication products from pSV.
SB2 (lane 1), pSV.SB2* (lane 2), and pSV.
2xSB2 (lane 3) are shown. The 666 nt termi-
nated DNA chains are indicated. Arrow at
1015 nt, position of expected intermediates
at the downstream RFB.
were analyzed on denaturing polyacrylamide gels. As In order to map the position of the RFB at the nucleo-
shown in Figure 2B, replication of the vector pSV01DEP tide level, the replication products were digested with
yields a heterogeneous population of labeled fragments AspI and run in parallel to a sequencing ladder of the
that represent bidirectionally elongated and randomly same fragment (Figure 2C). This experiment localizes
terminated DNA molecules (lane 1). Insertion of a 946 the end of the stalled replication fork to nucleotide 1688
bp rDNA fragment containing 10 Sal box (SB) elements with respect to the 39 end of the 28S RNA coding region.
(pSV.SB1±10) yields a portion of distinct replication in- Thus, the stop of replication fork migration occurs at a
termediates (1207 nt) that apparently were arrested G residue 28 bp upstream of the last nucleotide of Sal
within the rDNA insert (lane 2). The length of the interme- box 2 just in front of a stretch of C residues.
diates corresponds to the distance from the SV40 origin
to Sal box 2, indicating that replication forks that pro-
The RFB Is a Polar Termination Siteceed rightward are arrested at Sal box 2. Thus, similar
Termination of rDNA transcription is a polar processto the in vivo situation, the replication machinery ap-
requiring the Sal box terminator element in the samepears to travel through the intergenic spacer until it
direction as RNA polymerase I movement. To assessencounters a replication fork barrier close to the 39 end
whether the RFB is also polar, i.e., replication forksof the rDNA transcription unit.
pause upstream of the rRNA transcription unit only inTo verify that the region between Sal box 2 and Sal
the direction opposite to transcription, the fragment en-box 3 represents a replication fork barrier, subclones
compassing Sal box 2 and adjacent sequences wasof pSV.SB1±10 were tested in the cell-free replication
inserted in both orientations into pSV01DEP and usedsystem. The pattern of replication intermediates of
as templates in the in vitro replication system. InpSV.SB6±10 containing Sal boxes 6 through 10 corre-
pSV.SB2, the rDNA fragment is inserted in its naturalsponds to that of vector DNA, indicating that this rDNA
orientation, i.e., in head-on polarity to the direction offragment does not impede replication fork movement
transcription. As has been shown above, on this tem-(lane 4). In contrast, replication intermediates of distinct
plate 666 nt replication intermediates are generated (Fig-sizes were observed both with pSV.SB1±5 (782 nt) and
ure 2D, lane 1). In contrast, no RFB actvity is observedpSV.SB2 (666 nt) as templates (lanes 3 and 5), a finding
with pSV.SB2*, the template that contains the rDNA in-that supports the notion that replication forks are ar-
rested upstream of Sal box 2. sert in opposite orientation (lane 2). Thus, to act as a
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Figure 3. Analysis of the Sequence Elements
Mediating Replication Fork Arrest
(A) Sequences flanking Sal box 2 and diagram
showing the mutants assayed. The black bar
marks Sal box 2, the hatched bar marks the
39 bp GC stretch and the open bar the 26
bp T stretch. Asterisks above the sequence
indicate the positions of two point mutations
(G→C and T→G) present in pSV.SB2m as well
as the positions of two base exchanges
(G→T) in the GC stretch of pSV.SB2DTm used
in Figure 3.
(B) Analysis of the replication products.
pSV.SB2 and mutant constructs depicted in
(A) were used as templates in the cell-free
replication system. Arrows indicate band po-
sition caused by RFB.
replication barrier, the rDNA fragment containing the box and the T tract (lane 5) completely abrogates RFB
RFB has to be fused to the origin in the same polarity activity. Thus, neither the Sal box nor the GC-rich se-
as in vivo, i.e., in the opposite direction to transcription. quence on their own mediate replication fork arrest,
To investigate the efficiency of replication fork arrest, a but both elements appear to function in a synergistic
template was used that contains two consecutive RFBs. manner.
This template (pSV.2xSB2) contains two copies of the To further delineate the sequences required for repli-
rDNA fragment present in pSV.SB2, which are inserted cation fork arrest and to investigate whether binding of
in head-to-tail orientation into the vector. If the RFB TTF-I to its target sequence is required for RFB activity,
would either transiently or inefficiently pause the replica- the Sal box sequence was altered by introducing two
tion machinery, then part of the forks should proceed point mutations (pSV.SB2m). Moreover, the box was
through the first site and intermediates paused both at inverted with respect to the GC stretch (pSV.SB2rDT).
the first and the second RFB would be observed. If, Significantly, both the point mutations that are known
however, true termination occurs, then only intermedi- to impair TTF-I binding to the Sal box (Grummt et al.,
ates that were stopped at the first RFB should be gener- 1986) and inversion of the Sal box element completely
ated. As shown in Figure 2D, lane 3, the replication abolished RFB activity (Figure 3B, lanes 6 and 7). Thus,
products from pSV.2xSB2 were qualitatively and quanti- an intact TTF-I binding site in its natural orientation is
tatively indistinguishable from those of pSV.SB2. No dis- required both for termination of transcription and DNA
tinct intermediates of 1015 nt arrested at the down- replication. Taken together, this mutational analysis re-
stream fragment were observed, indicating that all veals that (i) a TTF-I binding site is necessary, but not
oncoming replication forks were stopped within the first sufficient for RFB function, (ii) the flanking GC stretch
fragment. Thus, the RFB in the active polarity does not is required for fork arrest, (iii) the presence of the T tract
temporarily pause fork migration, but appears to cause enhances RFB activity, and (iv) the natural orientation
true termination of DNA replication. of both elements is a prerequisite for barrier function.
Thus, several cis-acting elements cooperate in a polar
The RFB Has a Modular Structure
manner. This result suggests that complex DNA±protein
The rDNA fragment in pSV.SB2 contains several con-
and protein±protein interactions are involved in replica-spicuous sequence elements that could be involved in
tion fork arrest.mediating replication fork arrest. These elements in-
clude the 18 bp Sal box terminator element as well as
a long pyrimidine-rich region that flanks Sal box 2. The
GC-Rich Sequences Flanking Sal Box 2pyrimidine-rich region contains a stretch of 20 uninter-
Are Required for RFB Activityrupted cytidine residues, followed by a GC-rich se-
The results presented above demonstrated that bindingquence and a tract of 26 thymidine residues (Figure
of TTF-I to its cognate sequence is necessary, but not3A). To examine which of these sequence elements are
sufficient for replication fork arrest, and that GC-richinvolved in replication fork impediment, several con-
flanking sequences serve an indispensable role in thisstructs that lack the T tract (pSV.SB2DT), both the T
process. Consistent with this view, only Sal box 2, buttract and the GC stretch (pSV.SB2DGCDT), or contain
none of the other Sal box elements in the 39 terminalthe GC stretch only (pSV.DSBDT) were assayed in the
spacer that differ in their flanking sequences, impedescell-free system for RFB activity. As shown in Figure 3B,
replication fork movement. To investigate whether thedeletion of the T tract reduces the amount of terminated
39 bp stretch of guanosine and cytidine residues flank-replication intermediates by z30% (lane 3), indicating
ing Sal box 2 on its 39 side may exert its function bythat this sequence element increases the efficiency of
interaction with cellular protein(s), we compared the ter-the RFB but is not absolutely required for replication
mination activity of pSV.SB2DT with templates that con-fork arrest. On the other hand, deletion of both the T
tract and the GC stretch (lane 4), or deletion of the Sal tain point mutations or deletions within the GC stretch
TTF-I Stops Replication Fork Movement
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Figure 5. Recombinant TTF-I Reconstitutes RFB Activity in TTF-
I-Depleted Extracts
(A) Complementation of TTF-I activity. pSV.SB2 was used as tem-
plate in untreated HeLa cell extract (lane 1), in extract that was
depleted of endogenous TTF-I (lane 2), and in depeleted extract
supplemented with 800 ng of mTTFDN185 (lane 3). The position of
Figure 4. Mutations in the GC Stretch Abrogate RFB Activity terminated DNA chains is marked.
Analysis of the replication products. Mutant constructs indicated (B) Effect of TTF-I deletion mutants on replication termination. HeLa
above the lanes were used as templates in the cell-free replication cell extract was depleted of endogenous TTF-I (lane 1) and then
system. In pSV.SB2DTm, two point mutations (G→T) were intro- supplemented with equimolar amounts of mTTFDN185 (lane 2),
duced into the GC stretch at the positions indicated in Figure 2 by mTTFDN323 (lane 3), and TTFDN445 (lane 4). The positions of termi-
asterisks. The position of terminated DNA chains is marked. nated DNA chains are marked.
Replication Fork Arrest Requires a Domain
(Figure 4). In pSV.SB2DTm, two guanosines at positions of TTF-I That Is Also Essential for
1700/1701 were converted into thymidine residues. In Transcription Termination
Having established that TTF-I is involved in RFB activity,pSV.SB2DTD5C and pSV.SB2DTD10C, the C cluster
we examined which part of TTF-I mediates replicationflanking the box was shortened by 5 and 10 C residues,
fork arrest. For this, HeLa cell extract was first depletedrespectively. Significantly, all mutations within the GC-
from endogenous TTF-I as described above and thenrich sequence abrogated RFB activity (Figure 4, lanes
supplemented with N-terminally truncated TTF-I deriva-3±5). This finding indicates that the Sal box acts in con-
tives (TTFDN185, TTFDN323, TTFDN445), which havejunction with adjacent sequences and, in order to func-
been expressed and purified from baculovirus-infectedtion as a polar RFB, TTF-I bound to Sal box 2 needs to
insect cells. The properties of these TTF-I derivativescooperate with specific downstream sequences.
have been described (Evers et al., 1995; Sander et al.,
1996). In brief, all three TTF-I mutants exhibit the same
TTF-I Is Required for Replication Fork Arrest DNA binding activity, but differ in their ability to termi-
The finding that mutations within the Sal box that impair nate RNA polymerase I transcription. TTFDN185 and
TTF-I binding also abolish RFB function suggests that, in TTFDN323 terminate transcription as efficiently as full-
addition to its function in rDNA transcription termination, length TTF-I; TTFDN445, however, fails to support tran-
TTF-I may be the trans-acting factor that causes replica- scription termination.
tion fork arrest. If this is true, then depletion of TTF-I The capability of the truncated TTF-I derivatives to
from HeLa cell extracts should eliminate RFB activity. rescue RFB activity is shown in Figure 5B. Consistent
In the experiment shown in Figure 5A, the extract was with the transcription termination data, both TTFDN185
depleted from endogenous TTF-I by incubation with a and TTFDN323 promote termination of DNA replication
matrix-bound DNA fragment that contains several cop- (lanes 2 and 3). The activity of TTFDN323, however, is
ies of the Sal box sequence. This treatment depletes lower than that of TTFDN185. More strikingly, TTFD
most of TTF-I, and therefore eliminates transcription 445, whose DNA binding affinity compares to that of
termination activity (data not shown). Significantly, the TTFDN185 and TTFDN323, fails to restore RFB activity
depleted extract promotes T antigen-dependent DNA (lane 4). This result indicates that the DNA binding do-
replication, but does not exhibit RFB activity (Figure 5A, main of TTF-I on its own is not sufficient to arrest the
lane 2). Complementation of the depleted extract with replication fork and suggests that the part of TTF-I con-
recombinant TTF-I efficiently rescued RFB activity (lane verging amino acids 323 through 445 is required both
3) indicating that TTF-I, and no other protein that may for transcription termination and RFB activity.
have bound to the immobilized DNAfragment, is respon-
sible for replication fork arrest. Moreover, the finding Discussion
that TTF-I bound to its target sequence is required for
RFB activity, rules out the possibility that the barrier is Recent studies on replication fork progression in three
merely caused by a peculiar DNA structure adopted by disparate eukaryotes seem to indicate a common fea-
ture of rDNA replication, namelythe presence of a barrierSal box 2 in conjunction with flanking sequences.
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Figure 6. Organization of Transcription and
Replication Termination Sites in the Mouse
rRNA Gene Locus
The black boxes downstream of the pre-rRNA
coding region (open and hatched bars) mark
the repeated Sal box elements (T1±10) in the
39 terminal rDNA intergenic region; the ellipse
indicates the originof bidirectional replication
(OBR) as described previously (GoÈ gel et al., 1996). The sites of RNA polymerase I transcription termination and replication fork arrest are
indicated with respect to the 39 end of the 28S RNA coding region. The arrows mark the direction of RNA polymerase I transcription and
replication fork movement, respectively.
to replication fork movement near the 39 end of the in transcription termination, also plays an essential role
in termination of DNA replication. Significantly, both ter-rRNA genes (Brewer and Fangman, 1988; Linskens and
Huberman, 1988; Little et al., 1993; Hernandez et al., mination of rDNA transcription and DNA replication re-
quires binding of TTF-I to its target sequence. Moreover,1993; Wiesendanger et al., 1994). Since its discovery in
yeast, the nature of the RFB and its relation to rDNA the same functional domains of TTF-I appear to be in-
volved in both processes. Previously, it was shown thattranscription was an enigma. The initial hypothesis pro-
posing that the arrest of fork movement may be caused TTF-I has a modular structure containing at least two
structurally and functionally distinct domains, one thatby head-on collisions between transcribing RNA poly-
merases and the replication complex has been ques- interacts with DNA and a second that is required for
transcription termination (Evers et al., 1995). In thistioned by the recent finding that sequences at the 39
end of the yeast rDNA transcription unit can act as an study, we have used N-terminally truncated versions of
TTF-I and have shown that replication forks are arrestedRFB when inserted into an extrachromosomal plasmid
in the absence of elongating RNA polymerases (Brewer by a domain of mTTF-I that is also critical for transcrip-
tion termination. Hence, TTF-I appears to be a Janus-et al., 1992). This finding has been interpreted to mean
that specificDNA±protein complexes arrest a replication faced factor terminating both transcription and replica-
tion, but with the opposite face of the protein domainsfork coming from downstream, thereby preventing colli-
sions between the transcription and the replication ma- involved in both processes. Based on the ability of TTF-I
to block the progression of both RNA polymerase I andchineries moving in opposite directions.
The results presented in this report strongly support DNA polymerase in a polar fashion, we suggest that the
TTF-I/DNA complex is structurally asymmetrical in thatthis view. We show for the first time in vitro termination
of eukaryotic chromosomal DNA replication in a cell-free it exposes or ªhidesº the surface to different interacting
proteins. In this scenario, TTF-I forms a unidirectionalsystem. Using templates that contain the SV40 origin of
replication and sequences from the 39 end of the mouse ªclampº on DNA that prevents proteins from passing.
An important result of the present study is the obser-rRNA gene locus, we demonstrate that in HeLa cell ex-
tracts T antigen±driven DNA replication is arrested 122 vation that the replication machinery ªignoresº TTF-I
bound to Sal box elements 10 through 3 and stops spe-bp downstream of the site of RNA polymerase I tran-
scription termination. The barrier is directional, or polar, cifically in front of box 2. Boxes 1±8 have the consensus
motif AGGTCGACCAGA/TT/ANTCCG and bind TTF-Isince it arrests the fork moving in one direction but not
the other. Consequently, the RFB is permissive for the with similar, if not identical, affinity (Grummt et al., 1985;
Bartsch et al., 1987). Thus, additional sequences andfork that is replicating cotranscriptionally, but stalls the
fork moving in the opposite direction as it attempts to interacting factors must be involved in replication fork
arrest. The following observations support this sugges-enter the 39 end of the transcription unit. Consistent with
the bidirectional replication model, which proposes that tion. First, RFB activity is abolished by deletion or point
mutations in either the Sal box element or the GC-richdivergent replication forks travel away from their origin
until they meet the forks coming in the opposite direc- sequence flanking Sal box 2, indicating that besides
TTF-I other sequence-specific DNA binding protein(s)tions from neighboring replicons, the forks will meet and
fuse at the RFB (Figure 6). are required. Second, inversion of the Sal box with re-
spect to the GC stretch abolishes RFB activity, a findingThe in vivo data showed that in human and mouse
rDNA the replication barrier is located in a region that that argues for orientation-dependent interactions be-
tween TTF-I and the protein that binds to adjacent se-previously has been shown to be involved in RNA poly-
merase I transcription termination (Bartsch et al., 1987; quences. The orientation-dependence, the requirement
of specific flanking sequences, and the observation thatPfleiderer et al., 1990). Since rRNA synthesis is tightly
coupled to cell proliferation, and since both transcrip- an N-terminally truncated version of TTF-I (TTFDN445)
that binds to DNA but fails to terminate transcriptiontional and replicative elements are colocalized within a
short region of the intergenic spacer, it was reasonable and does not impede progression of replication forks,
suggest that the termination factor does not simply actto expect that both processes may use the same fac-
tor(s). A likely candidate for such a shared protein is the as a roadblock to elongation. This notion is supported
by experimental data demonstrating that Gal4 bound totranscription termination factor TTF-I, which specifically
interacts with the repeated Sal box elements in the its cognate site did not interfere with replication fork
migration (our unpublished data). Thus, any DNAbinding39-terminal spacer region of mouse rDNA (Grummt et
al., 1986). Indeed, we show that TTF-I, besides its role protein is not necessarily capable of acting as a polar
TTF-I Stops Replication Fork Movement
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road block to chain elongation or fork migration. This replication. However, in contrast to the prokaryotic ter-
minator proteins and the EBNA-1 protein, the helicasefinding implies that the RFB is an inherent property of
a defined DNA±protein complex and specific protein± activity of SV40 T antigen was completely undisturbed
by binding of TTF-I to its target site, indicating thatprotein interactions occur between DNA-bound TTF-I
and protein(s) bound to neighboring sequences. TTF-I does not mediate RFB activity by impeding un-
winding of duplex DNA (unpublished data).The region preceding Sal box 2 exhibits an unusual
nucleotide sequence. The most remarkable feature is a A number of features suggests that eukaryotes use
similar mechanisms to prevent overreplication and head-cluster of 20 uninterrupted cytosine residues followed
by a GC stretch and a cluster of 26 thymidine residues. on collision between the transcription and the replica-
tion machineries. Common features are (i) the strikingRemoval of the T cluster decreases, but does not elimi-
nate, RFB activity indicating that this sequence aug- functional analogy between the arrangement of termina-
tion sites on bacterial chromosomes and mammalianments RFB activity. In contrast, point mutations within
the GC stretch or shortening the cluster of C residues rDNA, (ii) the orientation-dependence of replication fork
arrest, and (iii) the involvement of specific DNA-boundtotally abolish replication fork arrest. This result demon-
strates that the flanking sequences are as essential as proteins. Moreover, consistent with functional homolo-
gies between prokaryotic and eukaryotic RFBs and fac-the Sal box in mediating RFB activity. Presumably, TTF-I
forms a complex with protein(s) binding to the adjacent tor sharing between the transcription and the replication
apparatus, Bastia and collaborators reported that thesequences, and it is the complex that constitutes the
barrier for replication fork movement. Although the pro- bacterial replication proteins Tus and RTP impede RNA
chain elongation by T7, SP6, and E. coli RNA polymerasetein(s) that specifically binds to the neighboring se-
quences has not yet been identified, we propose that in a polar mode at the replication arrest site (Mohanty
et al., 1996). Like TTF-I, the RNA chain antielongationmultiple DNA±protein and protein±protein interactions
are involved in replication fork arrest. Current work aims activity of Tus and RTP are isopolar, requiring thenatural
orientation of the protein binding sites with respect toto identify and biochemically characterize proteins that
interact directly with the approaching replication ma- the promoter or the origin of replication. Therefore, a
general mechanism appears to operate in prokaryoteschinery. The search for such proteins should prove to
be interesting and rewarding. and eukaryotes in order to protect the transcribed region
from invading replication forks and, on the other hand,The mechanism by which TTF-I binding can stop the
progression of replication forks is unknown. However, to protect the replication termini from possible inactiva-
tion by elongating RNA polymerases. Moreover, recentthere are intriguing similarities between the RFB in the
39 terminal rDNA spacer and replication pause sites that studies have revealed that TTF-I may serve a role in the
structural organization of the rDNA repeat unit (Sanderhave been observed in prokaryotes. In both E. coli and
B. subtilis, two replication forks travel in opposite direc- and Grummt, 1997) as well as nucleosomal remodeling
and transcriptional activation on chromatin templatestions around the circular chromosomes and terminate
in a region diametrically opposed from the origin. The (LaÈ ngst et al., 1997). The results presented in this com-
munication, showing that TTF-I is also involved in arrestterminus regions of both bacteria contain multiple sites
that bind specific terminator proteins to cause replica- of replication fork movement, add another fascinating
aspect of TTF-I function.tion fork arrest (reviewed by Hill, 1992; Baker, 1995;
Bastia and Mohanty, 1996). The sequences of the fork
arrest sites are binding sites for the replication termina-
Experimental Procedurestor proteins, Tus and RTP, encoded by E. coli and B.
subtilis, respectively. The termination sites in the two DNA Templates
bacteria are unrelated, and the proteins that recognize The templates for replication termination are derivatives of
pSV01DEP (Wobbe et al., 1985). Murine rDNA fragments were in-these sites are distinct, too. The location and orientation
serted into the NdeI site of pSV01DEP. pSV.SB1±10 contains a 946of the arrest sites are such that a replication fork passes
bp fragment (from 1337 to 11283 with respect to the 39 end ofthrough the first set of three sites which are in the inac-
28S rRNA) including 10 Sal box elements. pSV.SB1±5 contains 39tive orientation, and is arrested at the first site of the
terminal sequences from 1544 to 1858; pSV.SB6±10, from 1859
second, inversely oriented set that the fork encounters. to 11283; andpSV.SB2, from 1599 to 1742. In pSV.2xSB2, a second
Once the fork is arrested at a given site, the second fork SB2 fragment was inserted into the AflIII site 178 bp clockwise
approaching from the opposite direction stops at the downstream of the first SB2 insert. In pSV.SB2*, the rDNA fragment
was inserted in inverted polarity. A mutant of pSV.SB2 in whichsame site as the stalled fork.
the upstream T stretch is deleted (pSV.SB2DT) was constructed byThe terminator proteins in E. coli and B. subtilis have
replacing the 148 bp AccI fragment by a 65 bp oligonucleotidebeen shown to impede DNA chain elongation by inhib-
containing the GC stretch and part of Sal box 2. Mutants of
iting the DNA unwinding activity of DNA helicases (re- pSV.SB2 in which the upstream T stretch plus the GC stretch
viewed by Bastia and Mohanty, 1996). Similarly, the (pSV.SB2DGCDT) are deleted, or the Sal box (pSV.DSBDT) is deleted,
EBNA-1 protein, which causes pausing of replication mutated (pSV.SB2m), or turned around (pSV.SB2rDT) are shown in
Figure 2A. Plasmids pSV.SB2DTD5C and pSV.SB2DTD10C, respec-forks in the Epstein-Barr virus genome, counteracts the
tively, are derivatives of pSV.SB2DT lacking either 5 or 10 C residueshelicase function of SV40 T antigen (Ermakova et al.,
at the 59 end of the GC stretch. In plasmid pSV.SB2DTm, the two1996).
guanosine-residues at positions 1700 and 1701 are changed to
If TTF-I bound to the Sal box was functionally homolo- thymidine, in pSV.SB2m, the guanosine-residue at position 1644
gous to bacterial Tus-ter or RTP-IR complexes, then it was changed to cytidine, and the thymidine in position 1645 to
should inhibit the intrinsic helicase activity of T antigen, guanosine. Details of the cloning procedures are available on re-
quest.the most prominent unwinding enzyme in SV40 DNA
Cell
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Preparation of HeLa Cell Extracts and SV40 T Antigen Bartsch, I., Schoneberg, C., and Grummt, I. (1988). Purification and
characterization of TTFI, a factor that mediates termination of mouseHeLa cell extracts were prepared as described (Wobbe et al., 1985).
ribosomal DNA transcription. Mol. Cell. Biol. 8, 3891±3897.If required, extracts were depleted of endogenous TTF-I by incuba-
tion with Sal box oligonucleotides bound to Dynabeads. For this, Bastia, D., and Mohanty, B.K. (1996). Mechanisms for completing
beads were pretreated with a solution containing bovine serum DNA replication. In DNA Replication in Eukaryotic Cells. M.L. De-
albumin, insulin, and phosphatidylcholine (5 mg/ml each), and incu- Pamphilis, ed. (Cold Spring Harbor, NY: Cold Spring Harbor Labora-
bated with 1 ml of extract for 2 hr at 48C. SV40 T antigen was purified tory Press), pp. 177±215.
from Sf9 cells infected with recombinant baculovirus vEV55SVT as Brewer, B.J. (1988). When polymerases collide: replication and the
described (HoÈ ss et al., 1990). transcriptional organization of the E. coli chromosome. Cell 53,
679±686.
Expression and Purification of TTF-I
Brewer, B.J., and Fangman, W.L. (1987). The localization of replica-Proteins were expressed by infecting 2.5 3 108 Sf9 cells with recom-
tion origins on ARS plasmids in S. cerevisiae. Cell 51, 463±471.binant baculovirus. After 48 hr, the cells were harvested, rinsed in
Brewer, B.J., and Fangman, W.L. (1988). A replication fork barrierPBS, and resuspended in 3 volumes of lysis buffer (50 mM HEPES
at the 39 end of yeast ribosomal RNA genes. Cell 55, 637±643.[pH 7.8], 300 mM KCl, 5 mM MgCl2, 1 mM PMSF, 1 mg/ml leupeptin).
Brewer, B.J., Lockshon, D., and Fangman, W.L. (1992). The arrestCells were lysed by sonification followed by addition of 0.5% NP-
of replication forks in the rDNA of yeast occurs independently of40 and centrifugation. Imidazole (1 mM) was added to the superna-
transcription. Cell 71, 267±276.tant and incubated with NTA-agarose beads (Qiagen) for 2 hr at
48C. The beads were washed with 20 column volumes of buffer 1 Carrigan, C.M., Peck, R.A., Smith, M.T., and Wake, R.G. (1991).
(50 mM HEPES [pH 7.8], 300 mM KCl, 5 mM MgCl2, 0.5% NP-40, 1 Normal terC region of the Bacillus subtilis chromosome acts in a
mM imidazole, 1 mM PMSF, 1 mg/ml leupeptin), 20 volumes of polar manner to arrest the clockwise replication fork. J. Mol. Biol.
buffer 2 (same as buffer 1 with 1 M KCl) and 20 volumes of buffer 222, 197±207.
3 (same as buffer 1 with 10 mM imidazole). Proteins were eluted Dijkwel, P.A., Vaughn, J.P., and Hamlin, J.L. (1991). Mapping of
with 20 mM HEPES (pH 7.8), 100 mM KCl, 5 mM MgCl2, 200 mM replication initiation sites in mammalian genomes by two-dimen-
imidazole, 1 mM PMSF, 1 mg/ml leupeptin and dialysed against sional gel analysis: stabilization and enrichment of replication inter-
AM-100 (20 mM Tris [pH 7.9], 5 mM MgCl2, 0.1 mM EDTA, 20% mediates by isolation on the nuclear matrix. Mol. Cell. Biol. 11,
glycerol, 2 mM DTE, 100 mM KCl). 3850±3859.
Ermakova, O.V., Frappier, L., and Schildkraut, C.L. (1996). Role of
In Vitro Replication Assay and Product Analysis the EBNA-1 protein in pausing of replication forks in the Epstein-
Replication assays (120 ml) contained 80 mM Tris (pH 7.5), 7 mM Barr virus genome. J. Biol. Chem. 271, 33009±33017.
MgCl2, 0.5 mM DTT, 4 mM ATP, 200 mM CTP, GTP, and UTP, 100
Evers, R., and Grummt, I. (1995). Molecular coevolution of mamma-mM dATP, dGTP, and dTTP, 20 mM [a-32P]dCTP (1000 Ci/mmol), 40
lian ribosomal gene terminator sequences and the transcription ter-mM creatine phosphate, 1 mg creatine kinase, 300mg of HeLa extract
mination factor TTF-I. Proc. Natl. Acad. Sci. USA 92, 5827±5831.protein, 1 mg T antigen and 0.3 mg of plasmid DNA. The assays were
Evers, R., Smid, A., Rudloff, U., Lottspeich, F., and Grummt, I. (1995).incubated for 30 min at 378C and terminated by the addition of 20
Different domains of the murine RNA polymerase I-specific termina-mM EDTA, 0.5% SDS, 50 mg/ml E. coli tRNA. DNA was purified by
tion factor mTTF-I serve distinct functions in transcription termina-proteinase K treatment and phenol/chloroform extraction, digested
tion. EMBO J. 14, 1248±1256.with NcoI, and analyzed on a denaturing 5% polyacrylamide gel.
GoÈ gel, E., LaÈngst, G., Grummt, I., and Grummt, F. (1996). Mapping
of replication initiation sites in the mouse ribosomal gene cluster.Mouse Cell Culture, DNA Isolation, and DNA Analysis
Chromosoma 104, 511±518.Mouse NIH3T3 cells were cultured as described by GoÈgel et al.
(1996). DNA was isolated from randomly growing mouse cells and Grummt, I., Maier, U., OÈ hrlein, A., Hassouna, N., and Bachellerie,
purified by BND-cellulose chromatography as described by Dijkwel J.-P. (1985). Transcription of mouse rDNA terminates downstream
et al. (1991). Two-dimensional agarose gel electrophoresis was of the 39 end of 28S RNA and involves interaction of factors with
adapted from the procedure of Brewer and Fangman (1987). The repeated sequences in the 39 spacer. Cell 43, 801±810.
first dimension was 0.4% agarose and was run for 24±36 hr at 1 Grummt, I., Rosenbauer, H., Niedermeyer, I., Maier, U., and OÈ hrlein,
V/cm in TBE buffer. The second dimension was 1% agarose and A. (1986). A repeated 18 bp sequence motif in the mouse rDNA
was run for 8 to 12 hr at 4±5 V/cm in TBE with 0.3 mg/ml ethidium spacer mediates binding of a nuclear factor and transcription termi-
bromide. Electrophoresis in the second dimension was performed nation. Cell 45, 837±846.
with circulating buffer in a 58C room. Southern transfer was carried Hernandez, P., Martin-Parras, L., Martinez-Robles, M.L., and
out as described by Brewer and Fangman (1987). Filters were ex- Schvartzman, J.B. (1993). Conserved features in themode of replica-
posed to storage phosphor screens for appropriate periods (3 hr to tion of eukaryotic ribosomal RNA genes. EMBO J. 12, 1475±1485.
2 days) and developed using a PhosphorImager (Molecular Dy-
Hill, T.M. (1992). Arrest of bacterial DNA replication. Annu. Rev.namics).
Microbiol. 46, 603±633.
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